Although it is more common for drug abuse to progress from tobacco to cannabis, in many cases cannabis use develops before tobacco use. Epidemiological evidence indicates that prior cannabis use increases the likelihood of becoming dependent on tobacco. To determine whether this effect might be due to cannabis exposure per se, in addition to any genetic, social, or environmental factors that might contribute, we extended our series of studies on 'gateway drug' effects in animal models of drug abuse. Rats were exposed to THC, the main psychoactive constituent of cannabis, for 3 days (two intraperitoneal injections/day). Then, starting 1 week later, they were allowed to self-administer nicotine intravenously. THC exposure increased the likelihood of acquiring the nicotine selfadministration response from 65% in vehicle-exposed rats to 94% in THC-exposed rats. When the price of nicotine was manipulated by increasing the response requirement, THC-exposed rats maintained higher levels of intake than vehicle-exposed rats, indicating that THC exposure increased the value of nicotine reward. These results contrast sharply with our earlier findings that prior THC exposure did not increase the likelihood of rats acquiring either heroin or cocaine self-administration, nor did it increase the reward value of these drugs. The findings obtained here suggest that a history of cannabis exposure might have lasting effects that increase the risk of becoming addicted to nicotine.
INTRODUCTION
It has long been recognized that drug abuse tends to develop with a predictable sequence, progressing from tobacco and alcohol to cannabis, and then to other drugs such as cocaine and heroin (Degenhardt et al, 2009; Kandel, 1975; Kandel et al, 1992; Siqueira and Brook, 2003; Wells and McGee, 2008) . Epidemiological studies have identified several factors that might account for this progression. For example, there is evidence that using one drug not only leads to increased access to other drugs, but also makes the individual more likely to start using other drugs when they become available (Wagner and Anthony, 2002) . However, it is controversial whether the typical progression arises because using certain drugs increases the likelihood of becoming addicted to other drugs, or because nonpharmacological factors predispose certain individuals to addiction in general (MacCoun, 1998 (MacCoun, , 2006 Morall et al, 2002; Vanyukov et al, 2012) . Unfortunately, the correlational nature of epidemiology makes it hard to determine which factors have a causal effect, and it is particularly hard to assess the effects of drug exposure, per se, in people (Fergusson et al, 2006; Hall and Lynskey, 2005; Kandel et al, 2006; Morral et al, 2002) .
In contrast, animal models of drug abuse make it relatively easy to examine the most controversial form of the 'gateway' hypothesis: that experience with one drug can predispose an individual to becoming addicted to a different drug. This hypothesis can be tested in a straightforward manner by exposing rats to one drug and later allowing them to self-administer another. If the selfadministration behavior of these rats differs from that of an unexposed control group, then this difference can be attributed to the effects of the prior drug exposure.
Research using this approach has shown that drugs can have long-lasting effects that alter subsequent responses to other drugs. For example, we have shown that a history of exposure to D9-tetrahydrocannabinol (THC, the active constituent of marijuana) alters the effects of heroin and cocaine. Rats that were passively exposed to THC over a 3-day period 1 week before being offered heroin took larger amounts of heroin and continued to do so over many weeks of testing (Solinas et al, 2004 ; see also Ellgren et al, 2007) . The same amount of THC exposure before being introduced to cocaine enhanced cocaine's anxiety-inducing effects and actually decreased the amount of effort that rats would expend to receive cocaine (Panlilio et al, 2007) . However, neither study supported the gateway hypothesis: increased heroin intake was associated with a reduction of heroin's depressant effects rather than an enhancement of its rewarding effects, and THC exposure did not increase the likelihood that rats would initially acquire the self-administration response with either heroin or cocaine.
Tobacco is considered to be a gateway drug because its use tends to precede the use of other drugs. However, there is epidemiological evidence that cannabis use develops before tobacco use in a substantial number of cases (Agrawal et al. 2011; Tullis et al, 2003; Vaughn et al, 2008) , and that cannabis use by teenagers increases the likelihood of developing tobacco dependence when they reach young adulthood (Patton et al, 2005; Timberlake et al, 2007) . While there is also evidence that genetic, social, and environmental factors encourage the co-use of cannabis and tobacco (Agrawal et al, 2012) , findings that cannabis use sometimes precedes regular tobacco use raise the possibility that THC exposure might increase susceptibility to nicotine addiction.
It is estimated that cigarette smoking will kill half of all lifetime users (Mackay and Eriksen, 2002) . In this context, an increased risk of tobacco dependence might be the most important health consequence of cannabis use (Agrawal et al, 2008; Patton et al, 2005) . Therefore, it is important to determine whether cannabis exposure per se can increase the addictive effects of nicotine. To this end, we exposed rats to THC or vehicle using the same regimen as in our previous studies (Panlilio et al, 2007; Solinas et al, 2004) , then allowed them to self-administer nicotine. Since it is typical for self-administration behavior to develop in only a subset of rats that are offered nicotine, we determined whether prior exposure to THC altered the likelihood of acquiring the nicotine self-administration response. In rats that did acquire the response, we varied the dose per injection of nicotine to assess whether prior exposure to THC altered sensitivity to dose when only one response was required for each injection, and we varied the price of nicotine (ie, the number of responses required for each administration) to assess whether nicotine was more highly valued by THC-exposed rats.
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (Charles River, Wilmington, MA) initially weighing 275-300 g were kept in temperatureand humidity-controlled conditions on a 12-h light/dark cycle. All experiments were performed during the light phase. Rats were housed two per cage until catheterization, after which they were single housed and food restricted to B15-20 g/day. Water was freely available in the home cage. The facilities were fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International, and all procedures were approved by the National Institute on Drug Abuse Institutional Animal Care and Use Committee and conducted in accordance with the 2003 Guidelines of the National Research Council.
THC Pre-Exposure. Two weeks after arrival, rats were randomly assigned to two groups. THC-exposed rats received intraperitoneal (i.p.) injections of THC twice a day for 3 days, and vehicle-exposed rats received an equivalent volume of vehicle. The dose of THC was 2 mg/kg/injection on the first day, 4 mg/kg/injection on the second day, and 8 mg/kg/injection on the third day.
Experiment 1: Nicotine Self-Administration Catheterization. One day after the last THC or vehicle injection, rats were anesthetized with ketamine (60 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and a silastic catheter was implanted in the right jugular vein as described earlier (Panlilio and Schindler, 2000) . Throughout the experiment, catheters were flushed before each daily session with 0.1 ml of cefazolin (82.5 mg/ml) in saline solution.
Nicotine self-administration apparatus. Sound-attenuated chambers (30 Â 24 Â 29 cm, Coulbourn Instruments, Allentown, PA) had two nose-poke holes in the right wall. Nicotine was delivered through a fluid swivel and tubing protected by a steel spring that attached to a plastic tab between the rat's shoulders. Illumination was provided by a shielded white houselight at all times except during injection and time-out periods, when the light was pulsed at 5 Hz. Experimental events were controlled by Med-PC (Med Associates, St Albans, VT).
Acquisition. THC-exposed and vehicle-exposed rats (n ¼ 17/group) were allowed to self-administer nicotine intravenously for 14 daily 2-h sessions starting 1 week after catheterization. A single response (fixed ratio 1 (FR1)) in the right nose-poke hole (active hole) produced 30 mcg/kg of nicotine, a dose that is maximally effective for achieving acquisition (Donny et al, 1998; Peartree et al, 2012; Shoaib et al, 1997) . Nicotine was delivered over B2 s, followed by a time-out period during which further responding had no programmed consequences. Combined, the injection and timeout period lasted 5 s. Responding in the left nose-poke hole (inactive hole) had no programmed consequences at any time. The criterion for acquisition was X10 injections/ session for three consecutive sessions, the same criterion that was used in our related studies of heroin and cocaine self-administration (Panlilio et al, 2007; Solinas et al, 2004) and that has been found to be effective for identifying rats that develop stable patterns of nicotine self-administration (Mascia et al, 2011; Scherma et al, 2008; Panlilio et al, 2012) . Rats that met the criterion were subsequently tested with the variable-dose or progressive-ratio procedure, and rats that completed these tests were then tested with the behavioral-economics procedure.
Variable-dose procedure. Dose-effect functions were obtained from 7 THC-exposed rats and 5 vehicle-exposed rats using a variable-dose schedule in which doses of 3, 10, 30, and 60 mcg/kg/injection were self-administered in pseudorandom order (such that no dose was received more than twice in succession) throughout the 2-h session, for 3 sessions. One response was required for each injection, and dose was manipulated by varying the duration of the injection. After each injection, the latency to the next injection (including the timeout period) was recorded to measure the sensitivity of self-administration responding to changes in dose (see Gerber and Wise, 1989; Panlilio et al, 2008) .
Progressive-ratio procedure. The reinforcing efficacy of various doses of nicotine was measured in nine vehicleexposed rats and ten THC-exposed rats with a progressiveratio schedule based on the procedure of Corrigall et al (2001) . The response requirement started at 5 responses per injection and increased by 40% with each successive injection during a 2-h session (values: 5, 7, 10, 14, 20, 28, 39, 55, 77, and 108) . Each dose of nicotine was offered for at least 3 sessions, until the injection rate varied by no more than 2 injections per session for 2 consecutive sessions; doses were tested in the order 30, 10, 60, 3 mcg/kg, after which the sequence was repeated. Since the values were comparable for the two determinations, they were averaged for analysis.
Behavioral-economics procedure. To measure the value placed on nicotine by each rat, the price of the 30 mcg/kg dose of nicotine was varied by manipulating the number of responses required for each injection (FR value). Prices of 1, 2, 3, 5, 15, 30, and 60 responses per injection were imposed for two sessions each, in ascending order; then, the sequence was repeated. Since the values were comparable for the two determinations, they were averaged for analysis. The number of injections per session was used to generate exponential demand curves for each group (n ¼ 6/group) using the procedure of Hursh and Silberberg (2008) .
Experiment 2: Locomotor Activity in an Open Field
Locomotor-activity apparatus. Activity chambers (Med Associates, East Fairfield, VT, USA) were enclosed in sound-attenuation chests, with two chambers in each chest. Chambers (41 Â 41 Â 32 cm) were composed of clear acrylic and had sawdust bedding on the floor. Activity was measured with a 16 Â 16 array of photobeams. Med Associates Open Field Activity Software recorded the distance traveled during the session and the number of entries into an unmarked square (defined by the software) in the center of the field ('center zone'), covering one-ninth of the total area. No illumination was provided when the chamber was closed.
Locomotor-activity procedure. To determine whether THC exposure alters the locomotor effects of nicotine, two groups were treated with THC (n ¼ 6) or vehicle (n ¼ 6) like in Experiment 1, ending 7 days before the start of testing in the activity chamber. During testing, all rats received nicotine (0.4 mg/kg, i.p.) immediately before being placed into the chamber for 60 min on each of 10 days (Monday through Friday). This dose of nicotine has been previously shown to induce locomotor sensitization when given repeatedly (Werling et al, 2009 ).
Experiment 3: Light-Dark Test
Light-dark test apparatus. The apparatus and procedure were described in detail by Panlilio et al (2007) . Four clear acrylic shuttle boxes (MED-Associates, model ENV-010MC) were individually enclosed in sound-attenuation chests in a darkened room illuminated only by the screen of the computer. Shuttle boxes measured 40 Â 16 Â 21 cm and had an opaque wall (2.5 cm thick) and doorway (measuring 9 Â 12 cm) between the compartments, such that the lighted compartment was 20 cm long and the dark compartment was 17.5 cm long. Locomotion was measured as activity counts (ie, beam breaks), excluding consecutive, repeated breaks of the same beam.
Light-dark test procedure. The two groups of rats (n ¼ 6 THC exposed and 6 vehicle exposed) that were tested previously in the locomotor activity experiment were also tested 10 days later in the light-dark model of anxiety. Rats were injected with nicotine (0.4 mg/kg, i.p.) 15 min before the test and remained in the darkened testing room between the injection and test. To start the test, a rat was placed in the light compartment, facing the corner of the wall with the light. Two measures were taken during the 5-min test:
(1) percentage of time spent in the light compartment, not counting the time spent between the compartments and (2) the level of activity in beam breaks per minute.
Drugs D-9-THC (National Institute on Drug Abuse, Baltimore, MD, USA), 50 mg/ml in ethanol, was dissolved in a 40% w/v solution of cyclodextrin (RBI/SIGMA, Natick, MA) and given i.p. in a volume of 2 ml/kg (for the doses of 2 and 4 mg/kg) or 4 ml/kg (for the 8 mg/kg dose because of solubility constraints). Ethanol concentrations in THC solutions were between 2 and 4% v/v. Corresponding amounts of ethanol were added to vehicle solutions. Nicotine ((-)-nicotine hydrogen tartrate; Sigma-Aldrich) was dissolved in saline solution (pH adjusted to 7.0). Nicotine doses are expressed as free-base weight.
Data Analysis
Data were analyzed using restricted maximum likelihood estimation (Proc Mixed; SAS Institute, Cary, NC). Paired comparisons were performed using Tukey-Kramer corrections, maintaining family-wise error rates of 0.05. For the acquisition experiment, the number of injections per session was analyzed as a function of group and session with all rats included in the analysis, and response rates (including responses during injection and timeout) were analyzed as a function of group, nose-poke hole, and session, including only rats that met the acquisition criterion; response rate data were square-root transformed to compensate for skew. Latencies under the variable-dose schedule were analyzed as a function of group and dose. For the progressive-ratio experiment, the number of injections per session was analyzed as a function of group and dose. For the behavioral economics experiment, exponential demand curves were fitted using a spreadsheet provided by Steven R. Hursh; curves were normalized to isolate the effect of THC exposure on the essential value placed on nicotine. Extra-sum-of-squares F tests comparing demand curves and comparing parameters of the curves between groups were performed using Graphpad Prism. Distance traveled and number of center-zone entries were each analyzed as a function of group, session, and time within the session. Center-zone data were excluded as outliers if they were 410 standard errors away from the group mean; this affected 3 sessions (2 THC-exposed rats in session 7 and one of the same THC-exposed rats in session 10).
RESULTS
Experiment 1: Nicotine Self-Administration Acquisition. Rats exposed to THC were significantly more likely to acquire nicotine self-administration (w 2 (1) ¼ 4.5, po0.034), with 16 out of 17 rats in this group meeting the acquisition criterion, compared with 11 out of 17 in the control group (odds ratio ¼ 3.1). The THC-exposed group self-administered significantly more nicotine injections than the control group starting with the tenth session ( Figure 1a ; significant group Â session interaction, F (13,416) ¼ 2.04, po0.016). Despite this difference in the likelihood of acquisition, THC-exposed and vehicle-exposed rats that successfully reached the criterion did so in about the same number of sessions (mean ± SEM days to criterion: 8.1 ± 0.7 for THC-exposed group and 8.7 ± 0.9 days for the vehicleexposed group; p40.57). Similarly, among the rats that met the criterion, response rates did not differ between the groups over the course of training (Figure 1b ; significant effect of session Â hole interaction, F (1,25) ¼ 2.07, po0.015, but not group or interactions involving group, p's40.17), and the number of injections per session was comparable between groups on the day the criterion was met (mean± SEM: 14.8±1.17 for THC-exposed rats and 13.4±1.1). Among rats that failed to meet the criterion (Figure 1c) , response rates were low, there was no trend toward higher rates over sessions, and there was no difference between responding in the active hole vs the inactive hole.
Variable-dose and progressive-ratio schedules. Doseeffect functions for nicotine self-administration under the variable-dose schedule ( Figure 2a) were quite flat compared with those obtained under comparable conditions in our related studies of heroin and cocaine self-administration. Latencies did not differ significantly as a function of dose (p ¼ 0.16), and there was no significant difference between the THC-and vehicle-exposed groups under this schedule (p ¼ 0.94). Dose-effect functions for nicotine under the progressive-ratio schedule ( Figure 2b) were also flat and did not differ significantly as a function of either dose (p ¼ 0.54) or group (p ¼ 0.79).
Behavioral-economics procedure. Demand curves for nicotine (Figure 3 ) differed significantly between the two groups (F (2,10) ¼ 13.24, po0.0015). THC-exposed rats placed a significantly higher value on nicotine (F (1,10) ¼ 22.51, po0.0008); this is measured with a (the rate of change in the curve, or elasticity of demand), which was about twice as high in the vehicle-exposed group (0.0013 vs 0.0007). As during acquisition, there was a tendency for THC-exposed rats to have higher rates of intake at the lowest FR requirement; however, Q 0 (the level of consumption Figure 1 Acquisition of nicotine self-administration. (a) Rate of injection by the THC-exposed group and the vehicle-exposed control group over the course of acquisition training. This measure includes all rats trained, regardless of whether they met the acquisition criterion. Asterisks indicate that THC-exposed rats took significantly more injections per session than controls starting with the tenth session. (b) Response rates (including responses during injection and timeout) in the active and inactive nosepoke holes by rats that met the acquisition criterion of X10 injections/ session for 3 consecutive sessions. Response rates did not differ significantly between groups, but paired comparisons based on the main effect of session revealed that response rates in the active hole were significantly higher than rates in the inactive hole starting with the sixth session. (c) Response rates in rats that did not meet the acquisition criterion were low, did not show an increasing trend over time, and did not differ between the active and inactive holes.
at zero price) did not differ significantly between the groups (p ¼ 0.13). Exponential consumption curves provided a good fit for the data, with R 2 above 0.95 for each group. Pmax, the price at which response output was maximal, was 11.4 responses/injection for the vehicleexposed group and 17.1 for the THC-exposed group.
Experiment 2: Locomotor Activity in an Open Field Distance traveled. Both groups showed significant sensitization of locomotor activity, with levels increasing over the 10 days of testing with nicotine (Figures 4a and 5 ; main effect of session, F (9,90) ¼ 7.38, po0.0001; main effect of time within session, F (5,50) ¼ 260.9, po0.0001). Although the THC-exposed group tended to have slightly lower levels of activity than the vehicle-exposed group, this difference was not significant (main effect of group, p ¼ 0.24). Activity was highest during the first 10 min of each session and gradually decreased over the course of the session.
Center-zone activity. Avoiding the center of the field is considered as an indication of anxiety-like behavior. Like distance traveled, the number of center-zone entries increased over the 10 days of testing (Figures 4b and 6 ; interaction of session and time within session, F (45,442) ¼ 1.47, po0.03). However, there were no significant differences between the groups in this measure (main effect of group, p ¼ 0.1), and there were no significant withinsubject differences related to time within the session (ie, between the time periods that made up any given session, or between the same time period compared across different sessions).
Experiment 3: Light-Dark Test
The relative amount of time spent in the light compartment was measured to assess possible anxiety-related effects of nicotine. Unlike rats treated with cocaine in our earlier study, rats treated with nicotine did not differ significantly in this measure as a function of whether they were preexposed to THC or vehicle (Figure 7 ; p ¼ 0.15). Consistent with the open-field test, the groups also did not differ significantly in the level of locomotor activity during the light-dark test (p ¼ 0.18).
DISCUSSION
This study is part of a series designed to assess the effects of THC exposure on the subsequent use of other drugs. The main goals of this research are to determine whether a shows number of responses required to obtain the number of injections indicated on the left y axis. In both panels, the effect of dose was not significant, nor were there significant differences between the groups. The dose-effect functions in both panels are much flatter than the functions obtained in earlier studies with heroin (Solinas et al, 2004) and cocaine (Panlilio et al, 2007) self-administration. Figure 3 Demand curves from the behavioral economics experiment. THC-exposed rats placed a higher value on nicotine injections than did vehicleexposed controls. (a) Consumption curves showing number of injections per session as a function of price (ie, the number of responses required for each injection). Pmax, the price at which response output was maximal, as indicated by vertical dashed lines, was higher for the THC-exposed group. (b) Normalized consumption curves, with injections per session and price normalized to isolate differences in elasticity of demand (a) that were due to essential value (Hursh and Silberberg, 2008 ; higher a indicates more elasticity). Consumption is expressed as a percentage of Q 0 (consumption at price zero), and price is expressed as the fixed-ratio requirement multiplied by Q 0 /100 (ie, the number of responses required to consume 1% of the level consumed at price zero). Goodness of fit (R 2 ) for the regressed functions was high for both groups.
THC exposure alters nicotine self-administration LV Panlilio et al history of cannabinoid exposure: (1) increases the likelihood that other drugs will be self-administered on a regular basis and (2) increases the reinforcing efficacy of these drugs such that self-administration becomes highly persistent. The first question is addressed by determining the percentage of rats that acquire the self-administration response when a drug is offered. The second question is addressed by determining the extent to which self-administration behavior is sustained when the effort required to obtain the drug (ie, the price) is increased in progressiveratio and behavioral economics procedures. The most striking finding of the present study is that THC-exposed rats were more likely than controls to acquire the nicotine self-administration response. This finding differs from our earlier studies, in which a history of THC exposure did not alter the likelihood that rats would acquire a heroin (Solinas et al, 2004) or cocaine (Panlilio et al, 2007) self-administration response. In those studies, the percentage of rats that met the criterion for acquiring the heroin or cocaine self-administration response was about 80% regardless of whether they had been exposed to THC or vehicle. In contrast, the percentage of rats that acquired the nicotine self-administration response in the present study was 94% in the THC-exposed group and only 65% in the vehicle-exposed group. This finding is consistent with epidemiological evidence that prior cannabis use increases the likelihood of becoming dependent on tobacco (Patton et al, 2005; Timberlake et al, 2007) .
Regarding the question of whether THC exposure would alter the reinforcing efficacy of nicotine and make nicotine self-administration more persistent, our findings were again consistent with epidemiological data and again substantially different from our findings with heroin and cocaine. In the earlier studies, we found that THC-exposed rats did not differ from vehicle-exposed rats in their consumption of heroin when the price was increased, but THC-exposed rats were actually less persistent than controls in self-administering cocaine, reducing consumption more readily than controls when the price was increased. In contrast, in the behavioral economics test of the present study, we found that nicotine self-administration was more persistent in THC-exposed rats; as the price was raised, the drop in consumption was twice as steep in the vehicle-exposed group. This finding indicates that THC-exposed rats placed a higher value on nicotine (Hursh and Silberberg, 2008) and devoted more time and energy to acquire the drug, effects analogous to the Diagnostic and Statistical Manual (4th edition) criteria for drug dependence.
Although clear group differences were observed with the acquisition and behavioral-economics procedures, group differences were not detected in the progressive-ratio or variable-dose procedures. In fact, the curves in both of these experiments were flat, with no significant dose-related changes within either group. The flatness of dose-effect curves obtained with FR schedules of nicotine Center-zone entries, a measure of anxiety-related behavior, with higher values indicating lower anxiety. All rats received an intraperitoneal nicotine injection before each session. There were no significant differences between the THC-exposed and vehicleexposed groups for either measure. Paired comparisons for the main effect of session revealed that distance traveled was significantly higher in sessions 9 and 10 compared with sessions 1, 2, 3, and 4, and in sessions 6, 7, and 8 compared with session 2. Center-zone entries were significantly higher in session 10 compared with session 2 and in session 8 compared with sessions 1 and 2. Figure 5 Time course of locomotor activity (distance traveled) within the same sessions depicted in Figure 4a . Roman numerals indicate session number. Paired comparisons for the main effect of time revealed that distance traveled was significantly higher in the first 10-min period than in all later time periods, higher in the second 10-min period than in all later time periods, and higher during the third 10-min period than in the fifth and sixth time periods.
THC exposure alters nicotine self-administration LV Panlilio et al self-administration has been observed repeatedly, leading to suggestions that intake of nicotine might be regulated by a different mechanism than other drugs (Corrigall, 1991; Corrigall et al, 2001; Palmatier et al, 2007) . Dose-effect curves obtained with progressive-ratio schedules of nicotine self-administration have been found to be steeper than those obtained with FR schedules, but still flatter than those typically obtained with heroin or cocaine (Bruijnzeel and Markou, 2003; Freeman and Woolverton, 2009; Gould et al, 2011; Risner and Goldberg, 1983) . As a whole, these findings suggest that nicotine dose has a relatively small influence on self-administration behavior. Notably, a major difference between the progressive-ratio and behavioral economics procedures used here is that both the dose and the response requirement were varied in the progressive-ratio schedule, but only the response requirement was varied in the behavioral-economics procedure. As a consequence, the progressive-ratio procedure used here might have been less sensitive than the behavioral-economics procedure as a measure of changes in the reinforcing efficacy of nicotine.
A caveat to the progressive-ratio experiment is that injection rates were lower than in earlier studies on which the present procedure was modeled (Coen et al, 2009; Corrigall et al, 2001; Ross et al, 2007) , raising the possibility that a floor or ceiling effect might have obscured differences between the THC-exposed and vehicle-exposed groups. However, the highest response requirement reached in the progressive-ratio experiment (about 16 responses/injection in both groups) was comparable to the Pmax values in the behavioral economics experiment (11.4 and 17.1 responses/ injection for the vehicle-exposed and THC-exposed groups, respectively), in which behavior was found to be sensitive to price and to differ between groups. In the case of the variable-dose experiment, it is possible that substantially different curves would be obtained if the same doses were tested with a fixed-dose schedule. However, it should be noted that fixed-dose and variable-dose curves were nearly identical to each other in earlier studies with heroin, cocaine, and remifentanil self-administration Schindler, 2000, 2007; Solinas et al, 2004 ; see also Gerber and Wise, 1989) .
In our previous studies of THC exposure (Panlilio et al, 2007; Solinas et al, 2004) , the open-field and light-dark tests provided information that was complementary to the main findings obtained with drug self-administration. Consistent with a previous study of the locomotor effects of morphine (Cadoni et al, 2001) , the open-field test indicated that a history of THC exposure decreased the duration of heroin's depressant locomotor effects (Panlilio et al, 2007) . This cross-tolerance to opioids' locomotor effects could explain why THC-exposed rats consumed larger amounts of heroin than vehicle-exposed rats when the price of heroin was low; they may have recovered from heroin's effects sooner after each injection, allowing them to take more injections per session. In open-field testing, analysis of center-zone entries revealed that THC-exposed rats exhibited thigmotaxis, an anxiety-like avoidance of the center of the field, when they were given cocaine. This finding was further supported by testing with cocaine in the light-dark model of anxiety. In the open-field test of the present study, there were no significant differences between the THC-exposed and vehicle-exposed groups in either locomotor activity or center-zone entries during 10 days of testing with intraperitoneal nicotine. Similarly, THC exposure did not alter behavior in the light-dark model of anxiety when the rats were given nicotine. Although there were no control groups that did not receive nicotine in these experiments, we found in three previous experiments that the THC-exposure regimen used here did not alter locomotor activity or anxiety-like behavior in rats that were given only saline solution during the test (Panlilio et al, 2007) . Thus, the finding that THC-exposed and vehicle-exposed rats did not differ from each other when given nicotine in the open-field and light-dark tests suggests that the group differences observed in the acquisition and behavioral economics Figure 6 Time course of locomotor activity (center-zone entries) within the same sessions depicted in Figure 4b . Roman numerals indicate session number. There were no significant differences over time for this measure. experiments were not due to changes in the locomotor or anxiety-related effects of nicotine.
Since only a subset of people who try tobacco become habitual users, it is important to learn what factors influence this progression. Nicotine generally has weaker reinforcing effects than heroin or cocaine (Chaudhri et al, 2007; Le Foll and Goldberg, 2009; Mello and Newman, 2011) ; for example, as mentioned above, only 65% of the control rats in the present nicotine study acquired the selfadministration response, compared with about 80% in our parallel studies with heroin or cocaine. However, once nicotine use is established, it can become highly persistent. Addicted humans (Harvey et al, 2004) and animals Le Foll and Goldberg, 2009 will expend substantial amounts of effort to consume nicotine, and most smokers who try to quit are unsuccessful (Stapleton, 1998) . These facts, combined with the enormity of tobacco's adverse health effects, lend weight to the findings obtained here that suggest cannabis use might increase the odds of a person becoming both a regular tobacco smoker and a highly persistent tobacco smoker.
These findings extend the results of other studies showing that previous exposure to caffeine or nicotine itself can alter the likelihood of acquiring nicotine self-administration behavior. Rats that were passively exposed to nicotine (0.4 mg/kg s.c.) in the home cage subsequently acquired a nicotine self-administration response slightly more rapidly than non-exposed rats (Shoaib et al, 1997) . Rats that were exposed to caffeine in their drinking water were more likely to acquire the nicotine self-administration response, acquired this behavior more rapidly, and took larger amounts of nicotine than rats that never received caffeine (Shoaib et al, 1999) ; but, since caffeine exposure was maintained both before and during the acquisition training in this study, it is not known how much these effects were due to a history of caffeine exposure, as opposed to having caffeine in the system at the same time as nicotine. Preexposure to nicotine in post-adolescent rats produced a tolerance-like effect, preventing the development of conditioned place preference when a distinctive environment was associated with 0.3 mg/kg nicotine, but not a higher dose (0.6 mg/kg; Adriani et al, 2006) .
There is much evidence that acute or ongoing treatment with cannabinoid receptor ligands can modulate the effects of nicotine (Castañé et al, 2005; Solinas et al, 2008) . Cannabinoid antagonists such as rimonabant reduce the reward-related effects of nicotine in behavioral and neurochemical procedures in animals (Cohen et al, 2002; Forget et al, 2005; Le Foll and Goldberg, 2004; Shoaib, 2008) and increase the odds of smoking cessation in humans (Cahill and Ussher 2007; Le Foll et al, 2008 Rigotti et al, 2009) . Furthermore, cannabinoid agonists have the opposite effect, enhancing the rewarding effects of nicotine and reinstating nicotine seeking in rats (Gamaleddin et al, 2012) . Further evidence of crosstalk between cannabinoids and nicotine comes from studies showing that nicotine can facilitate many of the acute pharmacological and biochemical effects of THC, including reward, anxiolysis, tolerance, and physical dependence (Valjent et al, 2002; Viveros et al, 2006) .
Other studies have identified lasting effects on the brain after relatively brief cannabinoid exposure. Adolescent cannabis users have lower levels of glutamate and N-acetyl aspartate in the anterior cingulate cortex (Prescot et al, 2011) , and they show cognitive deficits (Schweinsburg et al, 2008) and changes in global and regional cerebral blood flow (Martín-Santos et al, 2010) that have been detected up to 6 weeks after exposure. In animals, subchronic THC exposure can decrease the density and expression of cannabinoid CB 1 receptors in many areas of the brain, and pharmacodynamic changes such as these underlie tolerance to cannabinoids (Maldonado, 2002) . Behavioral sensitization induced by repeated acute exposure to cannabinoid agonists is associated with increased intracellular activation of CB 1 receptors in the caudate putamen and cerebellum (Rubino et al, 2003 ; see also Rubino et al, 2004) , increased m-opioid receptor binding in the lateral thalamus and periaqueductal gray (PAG), and increased intracellular activation of m-opioid receptors in the nucleus accumbens (Viganò et al, 2005) . Using a THC pre-exposure regimen that increases heroin intake in rats under an FR1 schedule, Ellgren et al (2007 Ellgren et al ( , 2008 found lasting alterations of both the cannabinoid and opioid systems in rats exposed to THC during adolescence. These changes were most prominent in the nucleus accumbens, which has a key role in the rewarding effects of nicotine and other addictive drugs (Corrigall et al, 1992; Maskos et al, 2005) . Since opioid receptors have been implicated in nicotine reward, tolerance, and withdrawal (Berrendero et al, 2010; Hadjiconstantino and Neff, 2011) , these findings suggest that the effects observed in the present study might be due to an interaction between the cannabinoid, opioid, and nicotinic-acetylcholine systems.
There are genetic, social, and environmental factors that encourage the use of both cannabis and tobacco by the same individual (Agrawal et al, 2012) . A possible explanation for gateway-like progressions from one drug to others is transfer of learning, in which established drug-seeking behavior comes to be reinforced by the effects of a different drug. This kind of effect seems likely in the case of cannabis and tobacco due to shared features of the behavioral chains involved in smoking these substances (Lee et al, 2010) . However, the gateway-like effect observed in the present study did not involve transfer of learning, since the rats received THC passively. It should also be noted that rats did not receive THC and nicotine simultaneously in the present study, but that the results might still be relevant to simultaneous use. Tobacco and cannabis are often coadministered because users believe that nicotine potentiates the effects of cannabis (Amos et al, 2004; Lee et al, 2010) . Such co-administration could encourage a progression from cannabis to tobacco by a number of mechanisms. To the extent that cannabis is the primary drug of abuse in these cases, these mechanisms might include the gateway-like effect observed here.
Many of the demographic factors that are associated with dependence on one drug are also associated with dependence on other drugs (Anthony et al, 1994) . A commonfactor model -in which users progress from one drug to another because of a general susceptibility to drug dependence-could potentially explain the progression from one drug to another as different drugs become available (MacCoun, 1998 (MacCoun, , 2006 Morall et al, 2002; Tarter et al, 2006; Vanyukov et al, 2012) . However, there is epidemiological evidence for gateway effects even when such factors are controlled (Agrawal et al, 2008; Fergusson et al, 2006) , and findings with animal models support the possibility that exposure to cannabis can alter the abuserelated effects of other drugs (Cadoni et al, 2001; Ellgren et al, 2007; Panlilio et al, 2007; Solinas et al, 2004) . Since there is evidence for both common-factor effects and lasting effects of drug exposure per se, and since these explanations are not mutually exclusive, it seems likely that both types of effect can occur and that they may in fact build upon each other.
Conclusion
Nicotine is the first drug we have tested that was more likely to be self-administered by subjects with a history of being exposed to THC than by control subjects exposed to vehicle. Nicotine is also the first drug we have tested that was selfadministered more persistently by THC-exposed subjects than controls when the price was increased. Both of these findings are consistent with a gateway hypothesis in which prior use of cannabis facilitates a progression to tobacco dependence. While there are many factors that might contribute to such a progression, the present study suggests that lasting effects of THC exposure per se make cannabis users more susceptible to the addictive effects of tobacco.
